NKT cells are a population of innate-like lymphocytes that display effector functions and immunoregulatory properties. We characterized the NKT cell response induced in C57BL/6 mice during a primary infection with Plasmodium yoelii sporozoites. We observed a heterogeneous NKT cell response that differed between liver and spleen. Hepatic NKT cells found in infected livers consisted mainly of CD1d-dependent CD4
Malaria is one of the most important parasitic diseases in humans and is a major public health problem worldwide (WHO, World Health Report 2005) (31) . Mammals become infected when sporozoites are injected through their derma during the blood meal of an infected female mosquito. The sporozoites then travel to the liver through the bloodstream. Once in the liver, they invade hepatocytes, within which they differentiate into schizonts containing thousands of merozoites. This first phase of the infection is named the preerythrocytic stage. It is followed by the erythrocytic stage, which starts when merozoites, released from mature hepatic schizonts, invade red blood cells.
Infection of humans, as well as nonhuman primates or rodents, with Plasmodium parasites induces an immune response, which can be protective or pathogenic. The outcome of this immune response depends on several factors including the parasite strain, the host immunological history, and the host genetic background (40) . Components of both the innate and the adaptive immune systems are involved in the control of Plasmodium development (6, 26, 46) . In this context, we and others showed that the innate immune response, involving dendritic cells, NK cells, and NKT cells, can exert a direct antiparasitic activity and can also enhance the adaptive immune response to Plasmodium (38, 39, 47, 49) .
NKT cells are innate-like lymphocytes that account for 30%
to 50% of T cells in the liver, the organ where the first steps of Plasmodium development take place, and approximately 5% of T lymphocytes in other organs such as the spleen (2) . These cells share phenotypic and functional characteristics of T and NK cells: they express a T-cell receptor ␣␤ (TCR␣␤), the CD4 or the CD8 coreceptor or neither of them (double-negative [DN] phenotype), the NK1.1 marker, and some Ly49 receptors. They also display an activated-memory phenotype (reviewed in references 11 and 21) . NKT cells can be divided into three subgroups according to their TCR, antigen-presenting molecule specificity, and surface phenotype (11) . The majority of NKT cells is restricted by CD1d, a nonclassical class I molecule that associates with various lipid antigens of both selforigin and foreign origin (3, 10, 53) . Among these CD1d-dependent NKT cells, the "invariant NKT cells" or type I NKT cells have been the most extensively studied (11) . These cells can be specifically activated by CD1d tetramers loaded with ␣-galactosylceramide (␣-Galcer), a specific but artificial ligand (19) . The second group of NKT cells is composed of CD1d-dependent type II NKT cells that can be distinguished from type I NKT cells on the basis of their TCR repertoire (11) . The third group consists of CD1d-independent NKT-like cells (11) . NKT cells are involved in immune responses to tumors and to numerous infectious agents such as bacteria, viruses, and parasites (reviewed in references 3 and 15). Following activation, they rapidly produce large amounts of both Th1-and Th2-type cytokines and can also display direct cytotoxic activity (3) . It was shown that CD1d-restricted NKT cells are involved in the protection as well as the pathology of Plasmodium infection in mice. On the one hand, CD1d-dependent NKT cells enhance the antiplasmodial antibody response following primary infection with Plasmodium berghei ANKA (17) . In addition, in vivo artificial activation of invariant type I NKT cells with ␣-Galcer inhibits Plasmodium yoelii 17XNL liver stage development and enhances the protective T-cell response in mice immunized with P. berghei NK65 or P. yoelii 17XNL. These effects are mediated through gamma interferon (IFN-␥) secreted by ␣-Galcer-activated invariant NKT cells (12) . On the other hand, CD1d-dependent NKT cells are involved in the pathogenic immune response induced during P. berghei ANKA infection. Indeed, depending on the host genetic background, CD1d-restricted NKT cells affect the Th1/Th2 balance, pathogenesis, and fatality of murine cerebral malaria (16) .
We are interested in defining the basis of a protective immune response induced during a primary Plasmodium infection. To this end, we studied the cellular immune response induced in naive B6 mice during an infection with P. yoelii 265BY initiated by the injection of sporozoites, the natural invasive form of the parasite. In this rodent model of nonlethal malaria, the mice control the infection and clear their parasitemia within 3 weeks. Our previous work showed that without exogenous stimulation, NKT cells expand in the liver of B6 mice during primary infection with P. yoelii 265BY sporozoites (34) . These cells inhibited the parasite's growth within hepatocytes in vitro, and our data suggested that DN NKT cells are the main actors in this antiparasitic activity, partially mediated by IFN-␥ (34) .
The aim of the present work was to better characterize the NKT cell response induced during a primary P. yoelii 265BY infection in B6 mice and to evaluate its contribution to the control of parasite development further. We observed a heterogeneous NKT cell response that differed between liver and spleen. Different subpopulations of CD4 ϩ and DN NKT cells, comprising CD1d-dependent and -independent cells and invariant and noninvariant cells, were elicited in these organs during the infection. Interestingly, in the spleens of P. yoeliiinfected mice, we observed the appearance of a population of CD1d-independent NKT cells exhibiting an unusual TCR high CD4 high phenotype. Both hepatic and splenic NKT cells were activated and secreted mainly IFN-␥ and tumor necrosis factor alpha (TNF-␣) following short-term stimulation in vitro. We also found that P. yoelii-activated hepatic DN NKT cells inhibited the growth of the parasite within hepatocytes in a CD1d-dependent manner in vitro. However, B6.CD1d-deficient and B6 control mice exhibited the same amount of parasite within their livers and the same parasitemia following infection. These results show that during a primary infection, CD1d and CD1d-dependent NKT cells are not necessary to limit the development of P. yoelii in vivo during neither the preerythrocytic stage nor the erythrocytic stage.
MATERIALS AND METHODS
Mice. C57BL/6N@Ico mice were purchased from Charles River-Iffa Credo (L'Arbresle, France). CD1d.1 Ϫ/Ϫ mice on a C57BL/6 genetic background were provided by A. Bendelac (5) . All animals were bred and housed in the animal facilities of the Department of Immunology at the Institut Pasteur (Paris, France) under standard conditions. Only 8-to 12-week-old females were used for the experiments, which were conducted in accordance with institutional guidelines for animal care and use.
Parasites, in vivo infection, and parasitemia. P. yoelii yoelii (nonlethal strain 265BY) sporozoites were obtained by dissecting the salivary glands of infected Anopheles stephensi mosquitoes as previously described (28) . The mosquitoes were bred, maintained, and infected at the INSERM U511 insectarium (La Pitié-Salpêtrière, Paris, France) and the Centre de Production et Infection des Anophèles, Institut Pasteur, Paris, France. Mice were infected intravenously with 4,000 sporozoites diluted in sterile phosphate-buffered saline (PBS). Parasitemia was measured on Giemsa-stained thin blood smears. Results are expressed as the percentage of parasitized erythrocytes (RBCs).
Isolation of hepatic and splenic mononuclear cells. Hepatic mononuclear cells were prepared as previously described (51) . Briefly, livers from control and infected mice were perfused in situ with sterile Dulbecco's modified Eagle's medium (DMEM), removed, and homogenized using a Potter-Elvehjem homogenizer. Cells were washed, resuspended in a 35% Percoll solution (Pharmacia Biotech, Uppsala, Sweden), and centrifuged at 1,400 ϫ g for 25 min at room temperature (RT). The pellet (containing mononuclear cells) was washed with DMEM. Spleens from control and infected mice were gently smashed between two glass slides in DMEM and washed in DMEM. Hepatic and splenic cell suspensions were then treated with an ACK lysing buffer (0.15 M NH 4 Cl, 10 mM KHCO 3 , 0.1 mM Na 2 EDTA) to lyse RBCs. Finally, hepatic and splenic cells were resuspended in PBS containing 3% fetal calf serum (FCS) before counting and staining for flow cytometry analysis.
Flow cytometry analysis. Liver and splenic cells from control and infected mice were stained at 4°C in PBS supplemented with 3% FCS using the following monoclonal antibodies (mAbs) purchased from BD Pharmingen, unless otherwise specified, conjugated to fluorescein isothiocyanate (FITC), phycoerythrin (PE), peridinin chlorophyll protein, allophycocyanin (APC), or biotin: anti-TCR␤ (H57-597), anti-CD3 ε (145-2C11), anti-NK1.1 (PK136), anti-CD4 (H129.19), anti-CD8␣ (53-6.7), anti-CD69 (H1.2F3), anti-CD62L (Mel-14), antiLy49C/I (SW5E6), anti-Ly49G2 (4D11), anti-Ly49D (4E5), and anti-Ly49A (JR9-318) (37) . Quantum red-conjugated streptavidin (Tebu-bio, Le Perray en Yvelines, France), PE-cyanin-7-conjugated streptavidin (BD Pharmingen), or APC-conjugated streptavidin (BD Pharmingen) was used to reveal biotin-coupled mAb.
V␣14-J␣18 invariant NKT cells were stained under the same conditions using APC-conjugated CD1d tetramers loaded with ␣-Galcer and empty APC-conjugated CD1d tetramers as a control (43) . Cells were incubated with Fc Block (2.4G2; BD Pharmingen) prior to incubation with the tetramers.
When possible, dead cells were excluded by propidium iodide (Sigma-Aldrich, Saint Quentin Fallavier, France) staining. Stained cells were analyzed on a four-color FACSCalibur flow cytometer using CellQuest 3.3 software or a sixcolor LSR flow cytometer with CellQuest Pro software (BD Biosciences, San Diego, CA).
Purification of hepatic DN NKT cells for in vitro functional assays. Hepatic mononuclear cells were isolated from a pool of livers removed from B6 mice 10 days after infection with 4,000 sporozoites. Cells were incubated with PE-conjugated anti-CD8␣ and anti-CD19 (1.D3; BD Pharmingen) mAbs. Stained cells were washed in a solution containing PBS, 0.5% FCS, and 2.5 mM EDTA and incubated in this buffer with anti-PE-coated magnetic microbeads (Miltenyi Biotec, Bergisch-Gladbach, Germany). CD8␣-and CD19-positive cells were depleted on an automated magnetic cell sorter (AutoMACS; Miltenyi Biotec) using the Depletes program. Prior to staining for the cell sorting, the depletion was checked on a flow cytometer. Cells were then incubated with FITC-conjugated anti-CD5 mAb (53-7.3; BD Pharmingen), PE-conjugated anti-NK1.1 mAb, and biotin-conjugated anti-CD4, which was revealed with PE-cyanin-7-conjugated streptavidin.
NK1.1 ϩ CD5 ϩ DN (CD4 Ϫ CD8 Ϫ ) cells were sorted by flow cytometry using a MoFlo cell sorter (Cytomation, Inc., Ft. Collins, CO). Cell purity was between 94% and 99%. Finally, cells were counted (viability, as estimated by eosin incorporation, was Ͼ99%), washed, and resuspended in complete William's medium E (Life Technologies, Edinburgh, Scotland) before adding them to primary infected hepatocyte cultures.
Primary culture of hepatocytes and in vitro infection with P. yoelii. Hepatocytes from B6 or B6.CD1d Ϫ/Ϫ mice were prepared as previously described (35) . Briefly, a hepatic lobe was removed and perfused with HEPES buffer and a collagenase solution {1.2 N-(3-[2-furyl]acryloyl)-Leu-Gly-Pro-Ala (FALGPA) units/ml, collagenase type IV; Sigma Aldrich Chemie Gmbh, Schnelldorf, Germany}. Cells were washed once in complete William's medium E containing 10% FCS (Eurobio, Courtaboeuf, France), 2 mM glutamine (GibcoBRL, Life Technologies, Cergy Pontoise, France), and 100 IU/ml penicillin-streptomycin (GibcoBRL) and then overlaid on a 60% Percoll solution (Pharmacia Biotech, Uppsala, Sweden). Hepatocytes were recovered by centrifugation (800 ϫ g) at RT for 3 min. The pellet was washed once in complete William's medium E. Cell viability was assayed by eosin staining (Ͼ90%), and purity was estimated by cell morphology (Ͼ95%). Hepatocytes were then distributed into eight-well plastic Lab Tek slides (Nunc, Naperville, IL) at a concentration of 8 ϫ 10 4 cells per well. Wells had been precoated with collagen to optimize cell adhesion and viability (collagen type I from rat tail; Sigma-Aldrich). After 24 h at 37°C in a 3.5% CO 2 atmosphere, the medium was removed, and 1.5 ϫ 10 5 sporozoites per well were added in 150 l of complete William's medium E supplemented with 10 g/ml gentamicin (Sigma-Aldrich). Three hours later, medium was replaced with fresh complete William's medium E.
In vitro assay of P. yoelii liver-stage development inhibition by parasiteactivated hepatic DN NKT cells. Three hours after infecting cultured hepatocytes with sporozoites, sorted NK1.1 ϩ CD5 ϩ DN cells from infected animals were added to the culture wells at different ratios to test their capacity to inhibit the liver-stage development of the parasite. Forty-five hours later, infected hepatocyte cultures were fixed in cold methanol. Cells were then incubated for 1 h at RT with an immune serum specific for the P. yoelii hepatic stage diluted in PBS, washed, and subsequently incubated for 1 h at RT, in the dark, with a goat anti-mouse immunoglobulin G (heavy plus light chains) coupled to FITC (Caltag Laboratories, Burlingame, CA) diluted in PBS. Finally, cells were washed in PBS and mounted in Vectashield mounting medium (Vector Laboratories, Inc. Burlingame, CA). Slides were examined by fluorescence microscopy, and the numbers of intrahepatocytic parasites in control and experimental culture wells (which contained sorted cells) were determined. Schizont sizes were calculated by taking pictures of 50 schizonts, chosen at random, per well at the same magnification and measuring their diameters. Results are expressed in arbitrary units as the means of diameters Ϯ standard deviations (SD) of the parasites in control and experimental wells. Statistical analysis was performed using the nonparametric Mann-Whitney test.
Quantification of parasite load in the liver of C57BL/6 and B6.CD1d ؊/؊ mice. Liver parasites were quantified as described previously by Hulier et al., with minor changes (18) . Mice were injected intravenously with 40,000 P. yoelii 265BY sporozoites. Forty-four hours later, a liver biopsy was taken, frozen in liquid nitrogen, and crushed in 2 ml of digestion buffer before incubation overnight at 37°C with proteinase K (0.1 mg/ml; GibcoBRL). DNA was prepared using a classical phenol-chloroform extraction protocol. DNA was quantified by densitometry (optical density at 260 nm), and the solution was adjusted to 0.5 mg/ml with water and was then used as a template for PCR. The suitability of the purified DNA was assessed by performing PCR with primers amplifying the mouse ␤-actin gene. The reaction mixture contained 400 nM primers (BA-F [5Ј-ATGGATGACGATATCGCT-3Ј] and BA-R [5Ј-ATGAGGTAGTCTGTC AGGT-3Ј]), 1.5 mM MgCl 2 , 250 M deoxynucleoside triphosphates, 0.6 U of Taq polymerase (Applied Biosystems), and 0.5 g of DNA in a total volume of 30 l. The cycling conditions were as follows: a denaturation step at 95°C for 3 min followed by 30 cycles of 30 s of hybridization at 55°C, 1 min of elongation at 72°C, and 30 s of denaturation at 95°C. One microgram of each sample was then used as a template for real-time semiquantitative PCR using the LightCycler FastStart DNA Master SYBR green I kit (Roche, Germany) in a LightCycler apparatus (Roche, Germany). Each reaction was performed in duplicate. The primers used were NYU-Py3 (forward) (5Ј-GGGGATTGGTTTTGACGTTTT TGCG-3Ј) and NYU-Py5 (reverse) (5Ј-AAGCATTAAATAAAGCGAATACA TCCTTAT-3Ј) (4), which target the small-subunit rRNA (ssrRNA) gene of the parasite. PCR conditions were as follows: SYBR green mix was prepared as indicated by the manufacturer, with final concentrations of 3 mM MgCl 2 and 400 nM primers (forward and reverse) in a total volume of 20 l. The amplification program was as follows: 95°C for 10 min followed by 40 cycles of 95°C for 10 s, 60°C for 10 s, and 72°C for 10 s. A melting curve was generated by a linear increase of temperature from 52 to 95°C at 0.2°C/s. Standard curves were generated using a series of 10-fold dilutions (from 10 6 to 10 parasite nuclei/l) of DNA solution purified from blood stages of P. yoelii. The number of parasite nuclei/l in this sample was determined by microscopic examination of Giemsastained blood smears and calculation of the number of RBCs/l of blood. Genomic DNA was used rather than a plasmid bearing an ssrRNA gene to generate the standard curve because it reflects the multiple targets amplified more accurately, because there are more than five different ssrRNA genes in the genome of P. yoelii. Results are expressed as the log numbers of the parasite nuclei/0.5 g of liver DNA. The reaction was linear down to 10 nuclei (slope of linear regression, Ϫ3.495).
Intracellular cytokine staining. Hepatic and splenic cells from control and infected mice were isolated and incubated at a concentration of 1 ϫ 10 6 cells per ml for 3 h at 37°C in a 7% CO 2 atmosphere in complete RPMI medium (GibcoBRL) containing phorbol myristate A (50 ng/ml; Sigma-Aldrich), ionomycin (500 ng/ml; Sigma-Aldrich), and brefeldin A (10 g/ml; Sigma-Aldrich). Surface antigens were then stained at 4°C in the dark for 30 min with FITCconjugated anti-TCR␤, PE-conjugated anti-NK1.1, and peridinin chlorophyll protein-conjugated anti-CD4 and/or anti-CD8␣ mAbs. Cells were fixed for 1 h at RT, in the dark, with 2% paraformaldehyde and then treated with Perm/Wash solution (BD Biosciences) before incubation with APC-conjugated anti-interleukin-4 (IL-4) (11B11; BD Pharmingen), anti-IFN-␥ (XMG1.2; BD Pharmingen), or anti-TNF-␣ (MP6-XT22; BD Pharmingen) mAb in Perm/Wash solution at RT, in the dark, for 30 min. Finally, cells were washed in Perm/Wash solution and then washed in PBS containing 1% bovine serum albumin and resuspended in PBS containing 3% FCS. Staining was analyzed on a FACSCalibur flow cytometer using Cell Quest 3.3 software (BD Biosciences). Gates were done on CD4 ϩ CD8 ϩ cells and CD4 Ϫ CD8 Ϫ (DN) cells. CD4 ϩ CD8 ϩ cells were considered to be representative of CD4 ϩ NKT cells, as CD8 ϩ NKT cells were a minor population among total NKT cells in infected livers. Nonstimulated splenic cells (incubated under the same conditions but without phorbol myristate acetate, ionomycin, and brefeldin A) from the same mice were stained following the same protocol and used as controls.
Statistical analyses. Statistical analyses were performed using the nonparametric Mann-Whitney test and Statview 5.0 software (SAS Institute Inc., Cary, NC); P values are indicated in the figure legends.
RESULTS
Phenotype of hepatic NKT cells during primary P. yoelii infection. We carried out flow cytometry analysis of hepatic NKT cells from naive and infected B6 mice at different time points following the injection of sporozoites. In accordance with our previous results (34), we observed that the total number of hepatic NKT cells increased over time (Fig. 1A) . We found that the number of CD4 ϩ NKT cells increased by 1.9-fold between day 0 and day 10 ( Fig. 1A) , even though their proportion among hepatic NKT cells decreased over time (from 79.5% Ϯ 0.7% on day 0 to 53.3% Ϯ 6.6% on day 10) (data not shown). The DN subpopulation tripled in size ( Fig.  1A ) and represented 20.1% Ϯ 3.6% of the total NKT cells in the liver on day 10, compared to 17.7% Ϯ 0.98% on day 0 (data not shown).
We then looked for a correlation between the increase in the numbers of NKT cells and their activation status by flow cytometry analysis of the surface expression of the CD69, CD62, and CD44 markers. All hepatic NKT cells from naive mice already displayed an activated-memory phenotype (Fig. 1B ) (8) , and the percentages of CD69 ϩ , CD44 high , and CD62L Ϫ cells among total NKT cells did not significantly change during infection (data not shown). Nevertheless, the level of surface expression of CD69 on CD4 ϩ cells and DN hepatic NKT cells increased over time, peaking on day 6 postinfection (p.i.) (Fig.  1B) . Indeed, the proportion of cells displaying a CD69 high phenotype was considerably increased on day 6 p.i. compared to day 0 among both CD4 ϩ and DN NKT cells (reaching 73% Ϯ 5% and 58% Ϯ 7%, respectively) (Fig. 1C) . The proportion of CD69 high CD4 ϩ cells did not change between day 6 and day 10 p.i., while the proportion of CD69 high DN cells declined (Fig. 1C) . In addition, we detected a population of CD62L ϩ DN NKT cells on day 6 p.i. (28.38% Ϯ 8.35% of DN NKT cells), which was still present at day 10 p.i. (representing 46.95% Ϯ 1.36% of DN NKT cells) (Fig. 1B) . Conversely, CD4
ϩ hepatic NKT cells remained CD62L Ϫ at all time points (Fig. 1B) . Finally, the level of expression of CD44 varied during the course of infection but to a lesser extent than that of the other surface markers examined (Fig. 1B) .
Thus, we observed that the numbers of CD4 ϩ and DN NKT cells increased in the livers of B6 mice following injection of P. yoelii sporozoites and that both NKT cell subsets were activated. Interestingly, the DN subset exhibited a transient activation, as shown by the peak in the percentage of CD69 high DN NKT cells at day 6 p.i. compared to CD4 ϩ NKT cells. We also noticed that a population of CD62L
ϩ DN NKT cells arose in the livers of infected mice.
Phenotype of splenic NKT cells during primary P. yoelii infection. Concomitantly, by using flow cytometry, we analyzed the dynamic and phenotype of splenic NKT cells from naive and infected B6 mice at different time points following sporozoite injection.
In the spleen, the number of splenic NKT cells also increased during the infection ( Fig. 2A) , but their percentage did not vary significantly among the total lymphoid splenic population between naive and infected mice (data not shown). This ϩ , and DN NKT cells in the livers of B6 mice on day 0 (noninfected) and days 6 and 10 after injection of 4,000 sporozoites. Hepatic cells were stained with anti-NK1.1, -TCR␤, -CD4, or -CD4 ϩ CD8 mAbs, and the numbers of total (NK1. increase in the splenic NKT cells number started after day 3 of infection, and this population tripled in size between day 0 and day 10 p.i. (Fig. 2A) . Most of these cells expressed the CD4 coreceptor on their surface ( Fig. 2A) . Indeed, CD4
ϩ cells accounted for 72.6% Ϯ 4.8%, 66.05% Ϯ 5.33%, and 79.07% Ϯ 6.33% of splenic NKT cells on days 0, 6, and 10 p.i., respectively (data not shown). We therefore restricted our study in the spleen to CD4 ϩ NKT cells. It is also interesting to note that NK1.1 ϩ cells accounted for about 5% of all splenic CD4 ϩ T cells in naive mice and until day 6 p.i., but this percentage then increased, reaching 35% on day 10 p.i. (data not shown). Moreover, we observed that all the NK1.1 ϩ CD4 ϩ T cells found in the spleens of infected mice on day 10 expressed a large number of TCRs and CD4 coreceptors on their surface, as shown by their TCR␤ high CD4 high phenotype (Fig. 2B) . The proportion of CD69 ϩ cells among the splenic CD4 ϩ NKT cells did not change significantly during infection (data not shown). However, a transient increase in the proportion of CD62L ϩ cells occurred at day 6 p.i. (Fig. 2C ) (CD62L ϩ cells represented 52.8% Ϯ 9.5% of the CD4 ϩ NKT cells compared to 17% Ϯ 4% in control mice). Finally, the proportion of CD44 ϩ cells did not change during the infection, even though we noticed that the CD4 high NKT cells became CD44 int since day 10 p.i. (Fig. 2C) .
Thus, a primary P. yoelii infection elicits a peculiar population of CD4 high NKT cells in the spleens of B6 mice. These cells did not present the surface phenotype of classical NKT cells characterized by intermediate levels of TCR and NK1.1 expression on their surface (11) . Furthermore, they accounted for a nonnegligible proportion of the CD4 ϩ T cells found in the spleens of B6 mice at day 10 p.i. On day 10 p.i., about 40% of the CD4 high NKT cells found in the spleens of B6 mice expressed the activation marker CD69, and 80% did not express the adhesion molecule CD62L.
Analysis of the Ly49 repertoire expressed by hepatic and splenic NKT cells during primary P. yoelii infection. As some Ly49 receptors on NKT cells have been described and shown to play a role in the tuning of their activation throughout their development and function (25, 44, 50) , we used flow cytometry to analyze the surface expression of the Ly49A, Ly49C/I, and Ly49G2 inhibitory receptors and the Ly49D activatory receptor on total hepatic and splenic NKT cells during infection. Very few NKT cells isolated from the livers of naive mice expressed Ly49 receptors (Fig. 3A) (8) . Following infection with sporozoites, the proportions of Ly49A ϩ , Ly49C/I ϩ , and Ly49G2 ϩ hepatic NKT cells increased significantly in a coordinated fashion (Fig. 3A) . Concerning the splenic NKT cells, we observed that the percentages of Ly49 ϩ NKT cell subpopulations remained constant until day 5 p.i. and then dramatically dropped, leading to the almost complete disappearance of these cells in the spleen at day 7 p.i. (Fig. 3B) . We confirmed that NKT cells from naive B6 mice do not express the activating receptor Ly49D (44), and we observed that they do not start to express it during P. yoelii infection (Fig. 3A and B) .
Thus, the proportion of NKT cells expressing Ly49 inhibitory receptors increases in the liver during infection and, on the contrary, decreases in the spleen. Hence, regarding the expression of these NK receptors and their peculiar TCR high CD4
high phenotype, splenic NKT cells induced by the infection display a phenotype that is markedly different from that of CD4 ϩ NKT cells found in the spleens of naive mice. Analysis of the CD1d specificity and the TCR␣␤ repertoire of hepatic and splenic NKT cells elicited during primary P. yoelii infection. NKT cells can be divided into different subsets according to their specificities for CD1d, a nonclassical class I molecule (8, 21) . To assess the CD1d dependency of the studied subpopulations of NKT cells, we infected B6 mice and B6.CD1d-deficient mice in which only CD1d-independent NKT cells develop. We observed that the number of CD4 ϩ NKT cells in the livers of control and infected B6.CD1d-deficient mice had dramatically decreased compared to that found in the livers of infected B6 mice (Fig. 4A) . The number of DN NKT cells increased in the livers of B6.CD1d-deficient mice after infection but to a lesser extent than in B6 control mice (Fig. 4B) . As shown on These results suggest that most of the CD4 ϩ NKT cells elicited in the livers of B6 mice during infection are CD1d dependent and that the DN NKT cells present in the liver of infected B6 mice are expected to comprise both CD1d-dependent and CD1d-independent cells. On the contrary, these results suggest that splenic CD4
high NKT cells identified in infected B6 mice are CD1d-independent NKT cells.
CD1d-dependent and -independent NKT cells express different TCR␣␤ repertoires (11) . There are two types of CD1d-dependent NKT cells: type I invariant NKT cells, which express the TCRV␣14-J␣18 chain paired with the TCRV␤8.2, V␤7, or V␤2 segments, and type II NKT cells, which express the TCRV␣3.2 or V␣8 chains associated with the TCRV␤8 chain (11) . To determine to which subset the NKT cells present within infected livers and spleens belonged, we performed flow cytometry analysis on cells from control and infected B6 mice incubated with APC-conjugated CD1d tetramers loaded with ␣-Galcer. These tetramers specifically stain the type I NKT cells. Empty CD1d tetramers were used as a control (Fig. 5A) Fig. 5C ). These results are consistent with those for infected B6.CD1d-deficient mice ( Fig. 4A and B) . As shown in Fig. 5D , most of the NKT cells found in infected spleens were not stained with the tetramers (on days 0 and 10 p.i., CD4 high NKT cells stained with tetramers [CD4 high NKT Tet ϩ cells] accounted for about 73% and 5%, respectively, of total CD4 high NKT cells). These results are also consistent with those obtained for infected B6.CD1d-deficient mice (Fig. 4C) and show that the majority of the CD4 high NKT cells found in spleens of infected B6 mice are not invariant NKT cells.
We further analyzed the TCRV␤ repertoire of the subpopulations of NKT cells during infection. We used flow cytometry to examine V␤8 and V␤7 chain usage by NKT cells. In the livers of naive B6 mice, 75.8% of CD4 ϩ and 63.5% of DN NKT cells were V␤8.1 ϩ , V␤8.2 ϩ , or V␤7 ϩ ; these proportions did not change significantly during infection (data not shown). These results reinforce the idea that the CD4
ϩ NKT cells present in the liver until day 10 p.i. are mainly type I CD1d-dependent NKT cells expressing the TCRV␣14-J␣18 invariant chain associated with TCRV␤8 or V␤7 segments. On the other hand, the DN NKT cells elicited in the livers of B6 mice during infection consist of type I and type II CD1d-dependent NKT cells in addition to CD1d-independent NKT cells. Indeed, the presence of TCRV␤8-and V␤7-negative cells among the DN NKT cell population confirms that around 40% of these cells are CD1d-independent NKT cells, which presumably belong to the type III NKT-like subset expressing a diverse TCR␣␤ repertoire (11) .
We found that only 10 to 15% of the CD4 high NKT cells present in the spleens of B6 mice at day 10 of infection expressed the V␤8.1/V␤8.2 and V␤7 chains of the TCR, whereas these chains were expressed by 60% of splenic CD4
ϩ NKT cells present in naive mice (data not shown). The peculiar population of CD4 high NKT cells found in the spleens of infected B6 mice can therefore be considered to consist predominantly of noninvariant, CD1d-independent cells presenting no bias in the expression of the V␤8 and V␤7 chains of the TCR. Overall, these results suggest that these cells are type III NKT cells (11) .
Profiles of cytokines produced by P. yoelii-activated hepatic and splenic NKT cells in response to in vitro stimulation. To obtain insight into the function of the NKT cells during primary infection, we used flow cytometry to analyze the cytokines produced by these cells isolated from the livers and spleens of naive and infected B6 mice. For this purpose, hepatic and splenic cells were isolated and stimulated in vitro prior to intracellular staining of cytokines and fluorescenceactivated cell sorter analysis.
Under these conditions, 55% and 75% of the total hepatic NKT cells recovered from mice on days 5 and 7 p.i., respectively, produced TNF-␣ and IFN-␥, whereas only 6% and 20% produced IL-4 (data not shown). At day 10 p.i., the number of hepatic CD4
ϩ NKT cells producing TNF-␣, IFN-␥, and IL-4 increased, and this population represented the major source of these cytokines among hepatic NKT cells (Fig. 6A) . The number of hepatic DN NKT cells producing TNF-␣ and IFN-␥ started to increase after day 5 p.i. (Fig. 6B) . At this time point, the DN subset represented, in numbers of cells, the main source of IFN-␥ among hepatic total NKT cells. Interestingly, we observed a marked difference between the two subsets of hepatic NKT cells: CD4 ϩ NKT cells produced both IFN-␥ and TNF-␣ and IL-4 cytokines (Fig. 6A) , whereas DN NKT cells displayed a bias towards the production of IFN-␥ and TNF-␣ (Fig. 6B) . We also observed that the increase in the numbers of IFN-␥-and TNF-␣-producing DN NKT cells correlates with the peak in the proportion of CD69 high cells among this population (Fig. 1C) . As shown in Fig. 6C, the CD4 ϩ NKT cells present in the spleens of infected mice were also biased towards the capacity to produce TNF-␣ and IFN-␥ but not IL-4.
Thus, our results show that the numbers of hepatic NKT cells producing TNF-␣, IFN-␥, and IL-4 in response to stimu- lation increase during the infection but that a Th1-type cytokine response dominates. In addition, it is interesting to note that the DN subset displays a bias towards the production of IFN-␥ and TNF-␣ compared to CD4 ϩ NKT cells. CD4 ϩ NKT cells isolated from infected spleens produced exclusively IFN-␥ and TNF-␣ in response to stimulation, which differentiates them from the hepatic population of CD4 ϩ NKT cells found in infected livers.
CD1d-dependent antiparasitic activity of P. yoelii-activated DN NKT cells in vitro against the hepatic stage. We previously showed that P. yoelii-activated hepatic NKT cells inhibit the development of the parasite within hepatocytes in vitro, and DN NKT cells were suggested to be the main actors in this inhibition (34) . Thus, we tested the capacity of hepatic DN NKT cells to inhibit the intrahepatic development of P. yoelii in vitro. We found that the number of intrahepatic schizonts decreased when P. yoelii-activated DN NKT cells were added to cultures (Fig. 7A) . Moreover, this decrease in number was accompanied by a reduction in the size of the remaining parasites (Fig. 7B) . Thus, P. yoelii-activated DN NKT cells can inhibit the maturation of the intrahepatic stage of the parasite in vitro.
As we observed that CD1d-dependent and -independent DN NKT cells were activated during the infection and that CD1d is constitutively expressed by murine hepatocytes (unpublished observation) (48), we addressed whether the antiparasitic activity of DN NKT cells was dependent on CD1d molecules. For that purpose, we added sorted hepatic DN NK1.1 ϩ CD5 ϩ cells, isolated from infected B6 mice at day 10, to sporozoite-infected B6.CD1d Ϫ/Ϫ hepatocyte cultures. As shown in Fig. 7A , under these conditions, the number of schizonts did not decrease, and we observed no effect on parasite size (data not shown). It is important to note that P. yoelii develops as efficiently in B6 and B6.CD1d-deficient hepatocytes (the differences in schizont numbers observed between control wells for these two strains of mice reflect differences in the infection efficiency, which is variable from one experiment to one another) (data not shown).
These results show that P. yoelii-activated DN NKT cells have the capacity to inhibit the intrahepatic stage of the parasite in vitro in a CD1d-dependent manner.
CD1d and CD1d-dependent NKT cells are not required for the control of a primary P. yoelii infection in vivo. Finally, we addressed the contribution of the CD1d-dependent NKT cell response to the control of the growth of P. yoelii in vivo. To evaluate the impact of the CD1d-dependent NKT cell response on the control of the preerythrocytic stage in vivo, we determined the parasite burden in the livers of B6 mice and B6.CD1d-deficient mice 44 h after infection by quantifying P. yoelii DNA. The results presented in Fig. 8A show that B6.CD1d-deficient mice and B6 control mice harbor the same quantities of parasites in their livers at this time point. Next, to determine whether the CD1d-dependent NKT cell response helps to limit erythrocytic development, we monitored the parasitemias of these two strains of mice starting 3 days after injection of sporozoites. We found no significant difference between the parasitemias of B6 and B6.CD1d-deficient mice (Fig. 8B) .
Thus, we observed that B6.CD1d-deficient mice eliminate hepatic parasites and blood-stage parasites as efficiently as wild-type B6 mice. These results show that during primary infection induced by the injection of sporozoites, CD1d-dependent NKT cells play only a minor role in the control of the parasite's development in vivo.
DISCUSSION
Our results show that the NKT cell response induced during a primary P. yoelii 265BY infection initiated by the injection of sporozoites is heterogeneous and differs between liver and 
CD5
ϩ cells isolated from infected B6 mice at day 10 p.i. were added to primary cultures of B6 or B6.CD1d Ϫ/Ϫ hepatocytes at two different NKT cell/hepatocyte ratios (2.5/1 and 5/1) 3 h after sporozoite addition. Forty-five hours later, schizonts were quantified in control (only medium added) and experimental (DN NKT cells added) wells, and the mean of duplicate wells was calculated. Data representative of two independent and three independent experiments performed with B6 and B6.CD1d
Ϫ/Ϫ hepatocytes, respectively, are shown. (B) Mean diameters Ϯ SD of the intrahepatic schizonts in control and experimental wells of B6 hepatocyte cultures. ‫,ء‬ the P value of Ͻ0.001. Representative pictures show schizonts found in control (i) and experimental (ii) wells (magnification, ϫ400).
spleen, as shown by the marked phenotypic differences of hepatic and splenic NKT cells elicited during infection.
More precisely, NKT cells, which expand in the livers of infected B6 mice, consist of phenotypically and functionally distinct CD4 ϩ and DN subpopulations. CD1d-dependent CD4 ϩ NKT cells remained the largest NKT cell subpopulation in the livers of infected mice. These cells were mainly type I NKT cells expressing the invariant TCRV␣14-J␣18 chain, as revealed by ␣-Galcer-CD1d tetramer staining and confirmed by the expression of the TCRV␤8.1/8.2 and V␤7 segments (data not shown). Conversely, the expanded hepatic DN NKT cells were composed of an equal proportion of CD1d-dependent and -independent cells. Indeed, half of the DN NKT cells expressed the TCRV␤8.1/2 and TCRV␤7 chains (data not shown) and thus are expected to belong to the CD1d-dependent subpopulation of DN NKT cells, among which we found that the frequencies of type I and type II NKT cells were 60% and 40%, respectively. The other half of expanded hepatic DN NKT cells were CD1d-independent NKT-like cells. These cells may have arisen from conventional T cells upregulating the NK1.1 marker after activation, as has been shown during viral infection (45) .
The increase in the numbers of hepatic NKT cell subsets correlates with cell activation, as shown by the up-regulation of the CD69 surface marker on CD4 ϩ and DN NKT cells. In addition, the proportion of CD62L ϩ cells among DN NKT cells increased during infection. They represented more than 50% of the DN NKT cell subset on day 10 p.i. CD62L
ϩ DN NKT cells in naive mice have already been described and were shown to be CD1d-independent NKT cells expressing a diverse TCR␣␤ repertoire (8) . These CD62L ϩ DN cells may thus be NKT-like cells, as defined previously by Godfrey et al. (11) . It is still unclear whether they play a particular role in the liver during Plasmodium infection. It is possible that CD62L ϩ NKT cells from the spleen or the bone marrow are recruited to the liver during the course of infection, because these populations of NKT cells are preferentially found within these two organs in naive mice (8) . Interestingly, we never observed an increase in CD62L ϩ CD4 ϩ NKT cells in the liver at the same time points. Thus, the DN and CD4 ϩ subpopulations of hepatic NKT cells exhibit different characteristics and may play different roles during the immune response to P. yoelii.
On the contrary to what we observed for hepatic NKT cells, the majority of NKT cells isolated from the spleens of infected mice were CD4 ϩ , CD1d independent, and noninvariant and presented no bias in the expression of the V␤8.1/V␤8.2 and V␤7 chains of the TCR (data not shown). They thus display the phenotypic characteristics of type III NKT cells. The appearance of splenic CD4 ϩ and CD8 ϩ T cells expressing the DX5, ASGM-1, and NK1.1 markers during lymphocytic choriomeningitis virus infection in B6 mice has been reported (45) . These cells, which accounted for more than 90% of the cells recognizing viral antigens, persisted for more than 500 days after infection and constituted a pool of memory cells. They also produced IFN-␥ in vitro in the presence of viral antigens presented by classical class I and class II major histocompatibility complex molecules (45) . Besides, memory CD8 ϩ T cells expressing the inhibitory receptor NKG2A but not Ly49 receptors appear during viral and bacterial infections (29) , and it has been suggested that the expression of these receptors may modulate the activation signal transmitted by the TCR. Overall, these results are consistent with the hypothesis that the CD4 high NKT cells that we found in the spleens of P. yoeliiinfected mice are conventional T lymphocytes activated during the first week of infection and that these cells express the NK1.1 molecule following their activation. The persistence of these cells in the spleens of infected mice for 30 to 40 days after infection (our unpublished observations) also suggests that, as in viral infections, these cells may constitute a pool of memory cells. However, further investigations are required before firm conclusions can be drawn concerning the nature of the CD4 high NKT cells appearing in the spleens of B6 mice during infection. Interestingly, we have never detected any population of T cells presenting such a phenotype in the liver during infection, at least up to day 10 p.i.
In addition, this population of splenic NKT cells induced during the infection displayed a peculiar TCR␤ high CD4 high phenotype, which may be the result of recent antigenic activation. Indeed, it has been reported previously that CD4 ϩ T cells restimulated in vitro or in vivo with their antigen increase the We also found that the proportion of NKT cells expressing the inhibitory Ly49-A, -C/I, and -G2 receptors increased in the livers of infected mice, whereas they disappeared from the spleen during the infection. These observations reinforce the idea that the NKT cell response induced by P. yoelii is tissue specific. These inhibitory receptors expressed by hepatic NKT cells could be involved in the regulation of their activation within the liver. Indeed, Ly49 inhibitory receptors expressed by T cells and NKT cells have been proposed to dampen the effect of cell activation (32, 33, 44) . We also confirmed that the activatory Ly49D receptor is not expressed on NKT cells in naive mice (42, 50) and showed that these cells do not start to express this receptor under inflammatory conditions resulting from infection. It is important to note that in most of our experiments, NKT cells were selected on the basis of the coexpression of the NK1.1 molecule and the TCR␤ or the CD3 ε chains. Thus, it is possible that we failed to detect some NKT cells in which NK1.1 expression was down-regulated following activation (52) .
NKT cells have the capacity to produce large amounts of Th1 and Th2 cytokines following stimulation, and splenic NKT cells were shown to secrete IFN-␥ in response to infection with P. berghei ANKA-parasitized RBCs (16) . Here, we observed that P. yoelii-activated hepatic and splenic NKT cells are both biased towards the production of IFN-␥ and TNF-␣, and not IL-4, following short-term in vitro stimulation. Interestingly, in the liver, the patterns of cytokines produced by the CD4 ϩ and DN subsets were different. Hepatic DN NKT cells were strongly biased towards the production of IFN-␥ and TNF-␣ compared to CD4 ϩ NKT cells, which produced IFN-␥, TNF-␣, and IL-4. To date, no particular bias towards the production of Th1-or Th2-type cytokines has been shown for the different subsets of murine NKT cells. On the contrary, in humans, CD4 ϩ and CD4 Ϫ CD1d-dependent NKT cells have been defined as different functional subsets, with the latter exclusively producing Th1-type cytokines (14, 24) . Thus, our results suggest that the same functional dichotomy may also exist for murine NKT cells under inflammatory conditions. IFN-␥ produced by splenic CD4 ϩ T cells has been shown to be necessary for establishing the appropriate immunoglobulin G response required to eliminate P. chabaudi blood-stage parasites (22, 23) . Further investigations are required to determine whether the peculiar population of splenic NKT cells also helps to control the parasitemia and contributes to the protective immunity in our model.
As both CD1d-dependent and -independent hepatic and splenic NKT cells were expanded and activated during infection, we analyzed whether these two subsets of cells are involved in the control of Plasmodium development. We previously showed that total hepatic NKT cells, isolated from sporozoite-infected mice on day 10 p.i., exhibited parasitocidal activity against the liver stage in vitro. The DN subset of NKT cells was proposed to play a major role in this inhibition (34) . Indeed, we show here that sorted P. yoelii-activated hepatic DN NKT cells inhibit the intrahepatic growth of the parasite in vitro. Moreover, we show that the in vitro inhibition of liverstage development by DN NKT cells requires the expression of CD1d on the hepatocytes, as demonstrated by the absence of inhibition of parasite growth when B6.CD1d Ϫ/Ϫ hepatocytes were used. This observation raises numerous questions about the nature of the signal that activates these NKT cells and their subsequent inhibitory activity on the liver stage of P. yoelii in vitro. At least two different hypotheses can be proposed to explain these results. First, CD1d could present Plasmodiumderived antigens located on the surface of infected hepatocytes to the DN NKT cells, leading to their activation. Indeed, CD1d can present both exogenous and endogenous antigens to NKT cells (20, 27) . Glycophosphatidylinositols from Plasmodium falciparum have been proposed to associate with CD1d and to activate NKT cells (41) , but these results are controversial (30) . Lipophosphoglycans from another protozoan parasite, Leishmania donovani, were shown to induce a Th1-polarized NKT cell response through a CD1d-dependent mechanism (1). Hence, it is conceivable that infected hepatocytes express CD1d molecules associated with parasite-derived antigens on their surface and that these complexes are recognized by DN NKT cells, leading to the elimination of the infected cells in vitro. As DN NKT cells were isolated from infected mice on day 10 p.i., this mechanism would imply that these cells recognize specific antigens expressed during the preerythrocytic stage only or antigens that are shared by both the preerythrocytic and erythrocytic stages of Plasmodium development. The second hypothesis is that CD1d, on noninfected as well as infected hepatocytes, could associate with an endogenous ligand. The recognition of such a self-antigen presented by CD1d, in the context of a proinflammatory cytokine environment, would lead to DN NKT cell activation. Indeed, Brigl and Brenner previously showed that the recognition of self-antigens presented by CD1d in the presence of IL-12 leads to IFN-␥ production by invariant NKT cells during microbial infection (3) . As DN NKT cells were isolated from infected mice at day 10 p.i. and were thus activated cells, they may not have needed additional proinflammatory stimuli to exert their parasitocidal effects in our in vitro assay.
Th1-type cytokines are required to establish a protective immune response to Plasmodium (7) . In addition, IFN-␥ secreted by invariant NKT cells following the injection of ␣-Galcer, their specific but artificial ligand, improves the efficiency of the protective T-cell response to P. yoelii 17X NL (13) . Our results demonstrate that P. yoelii-activated NKT cells are biased towards the production of IFN-␥ during the first week of a primary infection initiated by sporozoite injection. In our model of nonlethal malaria infection, this could favor the establishment of the protective immune response and improve its efficiency. However, our in vivo data show that the parasite load in the liver and the parasitemia of B6.CD1d Ϫ/Ϫ mice were not statistically different from those of B6 mice. This shows that despite their expansion and activation, CD1d-dependent NKT cells play only a minor role in the control of P. yoelii development during a primary infection in vivo. These results are partly consistent with those reported previously by Gonzalez-Aseguinolaza et al. (12) , showing that ␣-Galcer-induced activation of CD1d-restricted NKT cells has no effect on the blood stage. However, in that same article, those authors showed that ␣-Galcer-activated NKT cells have a specific inhibitory effect on P. yoelii and P. berghei preerythrocytic development in vivo. Such discrepancies could be explained by the fact that in these latter experiments, NKT cells were activated with their strong agonist, which is far from the physiological stimulation induced during plasmodial infection as in our system. Another explanation could be that in our model, other populations compensate for the absence of CD1d-dependent NKT cells because of a functional redundancy between different cell types. In support of this latter hypothesis, we and others showed that NK cells, ␥␦T cells, and dendritic cells participate in the early immune response to Plasmodium (38, 49) . Thus, these cells could be activated independently of CD1d-dependent NKT cells and be sufficient to control parasite development in vivo. In support of this idea, we observed that a primary infection of B6 mice with P. yoelii sporozoites induces the simultaneous activation of several populations of innate lymphocytes to produce IFN-␥ early after infection (V. Soulard, unpublished data).
It is interesting to note that our in vitro results suggest that P. yoelii-activated CD1d-dependent NKT cells could exert an antiparasitic activity during their second encounter with infected cells, but further investigations would be required to address this question. However, for Plasmodium species that infect humans, the liver phase of parasite development lasts longer (6 to 14 days instead of 45 h in the case of P. yoelii). Since NKT cells reached a substantial level of activation and expansion in 4 to 6 days, they would be able to inhibit human malaria parasites that are still developing in the liver. Thus, the contribution of CD1d-dependent NKT cells to the control of the preerythrocytic stage of Plasmodium might be more important during human or primate malaria.
In conclusion, our work is one of the few to study the behavior and function of NKT cells in malaria during a primary Plasmodium infection initiated by the injection of the natural invasive form of the parasite. We show that the NKT cell response induced during a primary infection by P. yoelii presents the same characteristics of phenotypical heterogeneity as well as organ specificity compared to NK cells (38) and is mainly Th1 biased. It is interesting to note that this study reveals the involvement of CD1d-independent NKT cell subsets in the immune response induced during Plasmodium infection, and further investigations will be required to address the role played by these cells, for instance, whether they are involved in protection against secondary infection with Plasmodium sporozoites or in immune regulation.
